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Abstract: The aim of this study was to determine whether the properties of the native oat grain
or non-heat-treated groats (laboratory-scale dehulling) can be used to predict the quality of the
industrially produced oat flour produced from heat-treated groats. Quality properties such as the
color, hectoliter weight, thousand seed weight and hull content of Finnish native grains (n = 30)
were determined. Furthermore, the relationship between the properties of the native grains and the
chemical composition of the raw oat materials before and after the milling process were studied.
A significant relationship (p < 0.01) was observed between the thousand seed weight of the native
oat groats and the chemical composition of the industrially produced oat flour. Furthermore, the
protein content of the native grains measured by NIT correlated with the chemical composition of
the oat flours. These results suggest that the properties of oat flour produced on an industrial scale,
including heat treatment, could be predicted based on the properties of native oat grains.
Keywords: oats; quality; processing; color; composition; NIT
1. Introduction
The importance of oats is increasing globally due to public health concerns and the
need for a shift to a plant-based diet. The worldwide production of oats has been slowly in-
creasing during recent years, with a current production of approximately 23–26 million tons
annually [1]. For example, in 2020, 140,000 tons of the total 1.2-million-ton oat production in
Finland were processed into foods for domestic and export purposes, which was 6% more
than in 2019 [2]. Compared to other cereal grains, oats have a relatively high lipid content,
and they are a good source of dietary fibre, proteins, minerals and bioactive compounds [3].
Oats (Avena sativa L.) have excellent nutritional value, and they are known for their health
benefits in plasma cholesterol lowering and postprandial blood sugar control, which are
related to the dietary fibre β-glucan [4].
The chemical composition of oats is known to vary depending on the cultivar, as
well as the growing location and conditions [5–9]. The preferences for using oats for food
and feed differ in terms of their chemical composition [10]. For example, for food use, a
high β-glucan content is often considered desirable, whereas in feed the lower β-glucan
content is preferred. The main quality indicators currently used for milling-grade oats
are their hectoliter weight, soundness count, color, moisture, foreign material and protein
content [11]. Several methods can be used to assess these quality indicators of oat grains.
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In addition to chemical measurements, methods based on near-infrared spectroscopy, near-
infrared reflectance (NIR) and near-infrared transmittance (NIT) can be applied for the
faster evaluation of the oats’ quality [12].
In addition to the physical measurements describing the grain size and color, chemical
measurements of moisture, protein content and starch properties are used as the most
typical indicators of quality for other grains such as wheat [13]. For oats, the content of
β-glucan is typically included, as it relates to its health effects in food use. Furthermore,
the quantity and composition of lipids is relevant to be included, as the presence and
degradation of lipids complicates certain food and feed processes. The color of oat grains
or oat products has been indicated to be one of the important factors affecting the consumer
acceptance and liking of them [14]. Furthermore, the color has been found to show a
significant year-by-crop interaction in oat grains and rolled oats, and a dark color of oat
grains is a known quality defect of oats [15,16]. However, the relationship between the oat
grain color and the other grain properties to facilitate the approval of oat batches by the
industry has not been established before.
Oat milling has some special features when compared to other cereal grains, as it
includes a heat treatment by steaming, also known as kilning, which was developed to
inactivate endogenous enzymes that can induce lipid degradation in oat flours [11,17].
Although most of the oats used in the food industry go through the milling process,
including kilning, the research regarding the chemical composition often focuses on oat
raw materials processed only on a laboratory scale [5,6,8,9,18]. Oats are used in the
food industry mostly as flour or rolled oats, and as batches comprising of oats grown in
different locations and of different cultivars [11,15]. However, oat-based ingredients are also
increasingly used in food products such as bread, dairy or meat alternatives. The increased
use in different food sectors poses a need for scientific information on the variation of the
chemical composition of oat materials. Such information would help the food industry
to optimize their oat raw material selection for the manufacture of different types of oat
products. For example, a high β-glucan content is preferred for some applications with
health claims based on β-glucan (e.g., full-oat breads), while a high protein content is
preferred for some ingredients, such as meat alternatives [10,19].
In this research, the aim was to investigate the ways in which the chemical and
physical properties of native oat grains correlate with the properties of non-heat-treated
groats (laboratory-scale de-hulling), as well as heat-treated groats and the subsequent oat
flour (industrial scale milling process). This was performed by characterizing 30 different
oats from Finland, and by performing profound correlation analysis. The ultimate goal
was to evaluate whether measurements from the native grains or from the non-heated
groats can be used to predict heated oat flour properties after industrial-scale processing,
which includes kilning. In particular, we wanted to estimate the potential of rapid analysis
methods, such as NIT, to predict the oat flour quality after the milling process.
2. Materials and Methods
2.1. Materials
Thirty Finnish oat samples representing 23 oat cultivars were chosen and obtained
from Boreal Plant Breeding Ltd., Jokioinen, Finland; Peltosiemen Ltd., Forssa, Finland;
Vääksyn Mylly Ltd., Vääksy, Finland; Plantanova Ltd., Ruukki, Finland; Raisio plc, Raisio,
Finland; and Lantmännen Agro Ltd., Vantaa, Finland. The samples were chosen based on
their availability and on the expectation that they would differ in their composition and
physical properties; they were processed as a pure cultivar. Three different crop years—
2017, 2018 and 2019—were represented, and some cultivars were included twice from
different crop years. The samples were analyzed as native oat grains, as non-heated oat
groats dehulled at the laboratory scale, and non-heated flour produced from non-heated
groats (Figure 1). In addition, the oats were analyzed as heated oat groats and as oat flour
produced by an industrial-scale milling process from the heated oat groats after flaking
(Figure 1).
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Figure 1. Processing scheme of the oat raw materials. The raw materials and subsequent analyses
are shown in the yellow boxes, with the processing steps in blue.
In this article, “grain” denotes the whole intact kernel and “groat” denotes the de-
hulled grain. The non-heated groats were produced by de-hulling the native oat grains at
the laboratory scale with an oat de-huller (Rivakka, Nipere Ltd., Teuva Finland), and were
cleaned using a universal threshing machine (Baumann-Saatzuchtbedarf, Waldenburg,
Germany). Approximately 50 g non-heat-treated groats were weighed and ground with an
ultra-centrifugal mill (Fritsch Pulverisette 14, Idar-Oberstein, Germany) using a 0.5 mm
sieve and 15,000 rpm speed, or with a KT-120 hammer mill (Koneteollisuus Ltd., Klaukkala,
Finland) with a 0.5 mm sieve, and were then stored below −18 ◦C. The heated oat flours
were milled at Vääksyn Mylly Ltd. (Asikkala, Finland) to produce the heated groats and
the heated oat flake flour. The milling process included drying, de-hulling, kilning, flaking
and milling steps (Figure 1).
2.2. Chemical and Physical Analyses
2.2.1. Physical Properties
The dry matter content, protein content and hectoliter weight of the native grain sam-
ples were determined by NIT in triplicates (Infratec NIT 1241 Grain Analyser, FOSS). The
sample amount was approximately 600 g. In addition, the hectoliter weight of the native
grains, non-heated groats and heated groats was determined mechanically in triplicates
with a Grain tester 1938 (Pfeuffer GmbH, Kitzingen, Germany). The thousand seed weight
of the grains and non-heated groat samples were determined with a Contador seed counter
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in duplicates (Pfeuffer GmbH), and the amount of hulls was calculated as the thousand
seed weigh (native grains)–the thousand seed weight (non-heated groats).
The L*, a* and b* values indicate the lightness red–green and blue–yellow intensity of
the measured object, respectively, and they can be transformed into chroma and hue values
in order to describe the color of the object. The L*, a* and b* parameters of the oat grains,
non-heated and heated groats, and the heated oat flours were determined with a Minolta
Chroma Meter CR-200 (Minolta Camera Co., Ltd., Osaka, Japan) in reflection mode. The
instrument was standardized with a white ceramic plate (Calibration Plate CR-A43). The
oat samples were transferred to a transparent petri dish to form a 1-cm layer. The tip of the
sensor was positioned against the bottom of the petri dish and five measurements from
different points of the bottom were carried out. The result was an average of five replicates
of each oat grain, groat and flour sample. The hue and chroma values were generated from
the a* and b* values according to the following equations [18]:







The chemical properties were measured from the non-heated and heated oat flours.
The moisture content was determined by drying the samples at 105 ◦C overnight (17 h).
The total starch content was analyzed in triplicates according to the method described
by Salo and Salmi (1968) [20]. The protein contents were determined with the Kjeldahl
method using a Kjeltec TM8400 analyzer according to the Association of Official Ana-
lytical Chemists (AOAC) method 2001.11, with an N factor of 6.25. The total dietary
fibre content of the oat flours was analyzed in duplicates using AOAC Method 2011.25
using a semi-automated Dietary Fibre Analyser (ANKOMTDF, Makedon, NY, USA). The
β-glucan content was determined in duplicates according to AOAC Method 995.16 using a
Megazyme assay kit. The total lipid content was determined using a SoxCap TM 2047 in
combination with a Soxtec TM 2050 extraction system with a preparatory acid hydrolysis
step and diethyl-ether extraction (Foss A/B, Hillerød, Denmark) according to ISO 6492
(Animal feeding stuffs—Determination of fat content.1999). The ash content was measured
by burning the samples at 500 ◦C overnight (17 h). The methods for the proximate com-
position analysis, and protein, lipid and ash content, respectively, are accredited by the
FINAS Finnish Accreditation Service (Helsinki, Finland). Luke laboratories comply with
standard EN ISO/IEC 17025:2017.
The relative percentages of saturated fatty acids (SAFA), monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA) were analyzed in duplicate from flour
made from non-heated groats and heated flake flours. The oat flour samples were extracted
by the four-step lipid extraction method: double extraction with MTBE/methanol, extrac-
tion with hexane and extraction with methanol, as modified from Multari et al. (2018) [21].
Triheptadecanoin (TAG 17:0) and 1,2-dipentadecanoyl-sn-glycero-3-phosphatidylcholine
(PL 15:0) were used as the internal standards (Larodan, Sweden). The extracted lipids were
transformed into fatty acid methyl esters (FAMEs) using an acid-catalyzed method [22]. The
methylated samples were further analyzed by a Shimadzu Nexis GC-2030 gas chromato-
graph with an AOC-20i auto-injector and flame ionization detector (Shimadzu Corporation,
Japan) equipped with an Agilent JandW GC column DB-23 (60 m × 0.25 mm i.d., liquid film
0.25 µm, Santa Clara, CA, USA) using helium as the carrier gas. The temperature program
described by Linderborg et al. (2019) was applied [23]. Supelco 37 Component FAME mix
(Supelco, St. Louis, MO, USA) and FAME standard 68D (Nu-Check-Prep, Elysian, MN,
USA) were used as the external standards.
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2.3. Statistical Analysis
All of the results, average deviations and coefficients of variations were calculated
using Excel spreadsheet software (Excel 2016, Microsoft, Redmond, WA, USA). The inter-
actions between the different sample parameters were estimated based on the Pearson
correlation coefficients. The differences between the physical properties of the grain and
groat samples were analyzed with one-way analysis of variance (ANOVA) using Tukey’s
honestly significant difference (HSD) (p < 0.05) posthoc test. Independent sample T-tests
(p < 0.05) were performed to compare the differences between the chemical composition
parameters. The Pearson correlation coefficients, ANOVA and independent sample T-tests
were carried out with SPSS-software (IBM SPSS Statistics, version 26, IBM, New York, NY,
USA). The sample grouping and differentiation were visually observed based on Partial
least squares (PLS) regression, which was performed using The Unscrambler (CAMO
Software AS, Oslo, Norway) version 10.5.1.
3. Results
3.1. Properties of the Grain and Groat Samples
The mechanically determined hectoliter weight and thousand seed weight of the oat
grains, non-heated oat groats and heated oat groats showed a large variation within the
30 oat samples (Table 1). The average values of the hectoliter and thousand seed values
of each are presented in the Appendix A, Table A1. The hull content of the oat grains
calculated based on the laboratory-scale de-hulling varied between 14.1 and 67.3%, while
the hull content data calculated based on de-hulling at the mill varied from 23.5 to 76.4%
(Table 1). On average, the hull content calculated based on the laboratory scale de-hulling
was significantly lower (p < 0.05) than the hull content calculated based on de-hulling at
the mill. The difference between the hull content of the laboratory-scale and mill-scale
samples was batch dependent, with the difference varying from 1.4 to 140% (Appendix A,
Table A1).
Table 1. NIT (near infra-red transmittance) results of the oat grains, and the physical properties of
the oat grains, non-heated groats and heated groats, presented as the average and range (min, max).
Parameter Sample Type Average Range Max
Hectoliter weight by NIT (kg/hL) Grain 62.6 b 56.2 67.6
Hectoliter weight (kg/hL) Grain 59.3 a 52.6 62.6
Hectoliter weight (kg/hL) Non-heated groat 67.9 c 56.1 74.6
Hectoliter weight (kg/hL) Heated groat 70.5 d 66.5 73.6
Thousand seed weight (g) Grain 38.1 c 29.2 52.4
Thousand seed weight (g) Non-heated groat 21.4 b 10.3 32.0
Thousand seed weight (g) Heated groat 18.5 a 14.6 23.8
Hulls, lab (%) Grain 44.2 x 14.1 67.3
Hulls, mill (%) Grain 53.6 y 23.5 76.4
Different letters (a, b, c, d) within each column and parameter indicate statistically significant differences (p < 0.05)
between the samples based on Tukey’s HSD test. Different letters, x and y, within each column and component
indicate a statistically significant difference (p < 0.05) between the samples based on an independent sample t-test.
The color values, L* and b*, of the native oat grains were higher, and the a* values were
lower compared to the L*, a* and b* values of the non-heated groat samples (Table 2). The
milling process affected the color properties of the oat groats, as the L*, a* and b* values of
the heated oat groat samples were significantly (p < 0.05) different from the color properties
of the grains and non-heated groat samples. The heated groat samples had significantly
higher L* and b* values, and lower a* values on average. The color properties of the oat
flours were significantly (p < 0.05) different compared to the oat grain, non-heated groat
and heat-treated groat samples, with higher L* and lower a*and b* values, with a lighter
and less intense overall color. The average values of the color values of each sample are
presented in the Appendix A, Table A2.
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Table 2. Color analysis results of 30 native oat grains, non-heat-treated groats, heat-treated groats
and oat flour. The color values are the average values of 30 samples.
Sample Type L* a* b* Hue Chroma
Grain 59.7 a 4.8 c 18.2 b 75.4 b 18.8 bc
Non-heated groat 61.6 b 5.0 d 17.8 b 74.4 a 18.5 b
Heated groat 64.9 c 4.4 b 18.7 c 76.7 c 19.2 c
Heated flour 89.2 d 0.8 a 8.2 a 84.5 d 8.2 a
Different letters (a, b, c, d) within each column and parameter indicate statistically significant differences (p < 0.05)
between the Finnish samples based on Tukey’s HSD test. The grain color is the L*, a* or b* color spacer defined by
the International Commission of Illumination (CIE).
3.2. Chemical Properties of Non-Heated and Heated Flour Samples
The chemical composition of the non-heated and heated oat flours showed large
batch-dependent variation, which is summarized in Table 3 (with the full data shown
in Appendix A, Tables A3 and A4.). The protein content of the native oat grains varied
between 9.1 and 15.8% (dm) in the samples (Table 3). The protein content measured using
NIT of the oat grains was significantly lower (p < 0.05) compared to the protein content
determined by the Kjeldahl method of the non-heated and heated oat flours. In general, the
largest variation in chemical composition was observed in the protein and starch contents,
which varied between 11.4 and 20.5% (dm) and 46.6 and 75.3% (dm) in the non-heated
flour samples, and between 10.6 and 19.2% (dm) and 57.8 and 71.9% (dm) in the heated oat
flour samples. The milling process did not affect the protein, fat and fatty acid contents of
the oats, as the non-heated flours did not show a significant difference compared to the
corresponding values of the heated oat flours. On the other hand, the starch content of the
heated oat flours was significantly higher (p < 0.05), and the β-glucan and ash contents
were significantly lower (p < 0.05) when compared with the non-heated flour samples.
Table 3. Protein and dry matter content of 30 native oat grains, and the chemical composition of
non-heated and heated oat flours as average and range values.
Component Sample Type Average Range
NIT dry matter (%) Grain 88.5 86.9–90.8
Dry matter (%) Non-heated flour 89.7 87.0–92.3
Dry matter (%) Heated oat flour 89.0 87.6–91.0
NIT Protein (dm, %) Grain 12.6 a 9.1–15.8
Protein (dm, %) Non-heated flour 15.6 b 11.4–20.5
Protein (dm, %) Heated oat flour 15.3 b 10.6–19.2
Starch (dm, %) Non-heated flour 60.6 x 46.6–75.3
Starch (dm, %) Heated oat flour 63.4 y 57.8–71.9
Lipid (dm, %) Non-heated flour 7.7 x 6.0–9.6
Lipid (dm, %) Heated oat flour 7.3 x 5.4–9.4
SAFA (% of FA) Non-heated flour 18.1 x 16.3–19.6
SAFA (% of FA) Heated oat flour 18.1 x 16.1–19.7
MUFA (% of FA) Non-heated flour 37.2 x 32.6–42.4
MUFA (% of FA) Heated oat flour 37.1 x 33.0–42.2
PUFA (% of FA) Non-heated flour 40.9 x 36.6–46.2
PUFA (% of FA) Heated oat flour 40.4 x 36.5–43.9
Total dietary fibre (dm, %) Heated oat flour 11.2 8.5–13.2
β-glucan (dm, %) Non-heated flour 5.2 y 3.6–6.7
β-glucan (dm, %) Heated oat flour 4.0 x 2.9–4.6
Ash (dm, %) Non-heated flour 2.2 x 1.7–2.6
Ash (dm, %) Heated oat flour 1.9 y 1.6–2.3
Different letters (a, b) within each column and parameter indicate statistically significant differences (p < 0.05)
between the samples based on Tukey’s HSD test. Different letters, x and y, within each column and component
indicate statistically significant differences (p < 0.05) between the samples based on independent sample t-tests.
NIT, near infra-red transmittance; SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids.
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3.3. Statistical Analysis of the Relationship between the Physical and Chemical Properties of the
Oat Samples
3.3.1. Correlations
The chemical and physical properties of oat grains, and the chemical composition
of non-heated and heated oat flours had several significant interactions with each other
(Appendix A, Tables A5 and A6). Several moderate correlations (p < 0.01) were found
between the properties of the native grain samples and the chemical composition of the
heated oat flours (Table 4). The lightness values (Color value L*) of the native grain samples
showed a significant positive correlation with the L* value (p < 0.01), MUFA (p < 0.01),
protein (p < 0.05) and lipid (p < 0.05) values of the heated oat flours, and a negative
correlation with the PUFA (p < 0.01) and starch (p < 0.05) values of the heated oat flours.
The hue values of the native grains correlated positively with the protein (p < 0.01) and
ash (p < 0.01) content, and negatively with the starch (p < 0.05) content of heated oat flours,
while the b* or chroma values of the native grain showed no correlation with any of the
chemical properties of the oat flours (Appendix A, Table A7).
Table 4. Pearson correlation coefficients of the oat grain and heated oat flour properties.









L* 0.51 ** - 0.44 * - - - - -
a* - - - 0.37 * - −0.56 ** 0.41 * −0.49 **
Hue - - - −0.43 * - 0.48 ** −0.45 * 0.44 *
Starch −0.44 * −0.46 * - −0.84 ** 0.42 * 0.57 ** - -
Protein 0.37 * 0.47 ** - 0.96 ** −0.41 * −0.46 * - -
Lipid 0.37 * - - 0.41 * - −0.63 ** - -
SAFA - - - 0.51 ** −0.38 * −0.44 * - -
MUFA 0.55 ** - - 0.44 * - −0.64 ** - -
PUFA −0.54 ** - - −0.53 ** - 0.67 ** - 37 *




- - - 0.49 ** - −0.38 * - -
β-glucan - - - 0.50 ** - −0.38 * - -
** Correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level (two-tailed). Color values: L*, lightness;
a*, red–green scale. NIT, near-infrared transmittance; lab, laboratory scale; mill, industrial milling scale; SAFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
The thousand seed weight of the native grains showed a significant (p < 0.01) correla-
tions with several heated oat flour parameters, including positive correlations with starch
and PUFA, and a negative correlation with the a* (p < 0.01), lipid (p < 0.01) and MUFA
(p < 0.01) values (Table 3). The hectoliter weight of the grains correlated positively with
the starch (p < 0.05) and negatively with the protein (p < 0.05) content and SAFA (p < 0.05)
proportion of fatty acids of the heated oat flours. The hull content of the oat grains showed
inconsistent weak correlations with the color properties of the heated oat flour. The hull
content, calculated based on the laboratory scale de-hulling, correlated positively with
color value a* (p < 0.05) and negatively with the hue value (p < 0.05), while the hull content
calculated based on industrial-scale de-hulling showed opposite correlations. Similar
relationships to that found for oat grains and oat flours were found between the physical
properties of the oat grain and the chemical properties of non-heated flour samples as well
(Appendix A, Table A5).
3.3.2. Partial Least Squares (PLS) Regression
The partial least squares (PLS) regression of the properties of the native grains and
heated oat flour confirmed the interactions between the different oat grain and heated flour
parameters which were observed based on the Pearson correlation coefficients. The visual
projection of factors 1 and 2 in PLS of the oat grain and heated oat flour parameters is
shown in Figure 2, e.g., the thousand seed weight of the native grains grouped with the
PUFA and starch values of heated oat flour. Furthermore, the lightness value (L*) of the oat
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grain grouped with several chemical components of the heated oat flours and the protein
content of the oat grain determined by NIT are grouped with the protein content of the
heated oat flour.
Figure 2. Partial least squares (PLS) regression projection of factors 1 and 2 of the native oat grain
(blue) and heated oat flour (red) properties. The color values are L*, a* and b*; NIT, near-infrared trans-
mittance; SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids.
4. Discussion
4.1. Variation in the Properties of the Oat Raw Materials
The variation between the chemical composition of the different oat samples (n = 30)
was expected, as the composition depends on the growth conditions, location, cultivar and
variety [15,24,25]. It is important to note that although all of the samples were produced and
analysed as pure cultivars, the experimental design used does not reveal linkages to the role
of the cultivar, location, crop year or growth conditions; instead, we focused on revealing the
factors of industrially produced oat flours in relation to the properties of the native grains.
However, the chemical composition results of the oat samples, when analysed as non-heated
and heated flours, were in accordance with the previous literature [9,15,26–28]. The large
variation in the starch and protein contents are supported by the previous literature. The
starch content of oat groats is usually around 60% (dm), but can vary from 39% (dm) up to
67% (dm) [9,27,28]. The protein content of oats usually varies between 10 and 20% (dm), but
values as high as 25% (dm) have been reported. Peltonen-Sainio et al. [24] noted that the share
of protein was higher after de-hulling, with an increase from 12.7% in oat grains to 15.6% in
oat groats, which aligns with the current results.
The calculated hull content of the grains showed large variation, e.g., 14.1–67.3%
determined at the laboratory scale, and was significantly different between the mechanically
determined value and the value obtained based on the mill data. This difference most
likely originated from the two different de-hulling techniques. The previously reported
hull content of oats was approximately 25% [16,24]. The hull content of oats and how
tightly the hull is attached to the oat grain is cultivar dependent, as well as being related to
the grain size and affecting the milling yield of oats [11]. Furthermore, the hull content of
oats can vary within a single cultivar depending on the growth season and conditions [24].
In the current study, the raw material selection also included oat batches that have not
been considered ideal for oat milling. Furthermore, the milling process was not optimized
for the different raw materials, as the aim was to detect the differences in the milling
behavior between the pure cultivar batches. These factors most likely explain the substantial
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variation and high calculated hull content observed for some of the samples. On the other
hand, the industrial scale milling process typically includes a size-based classification of
the grains prior to de-hulling, which could lead to more optimal de-hulling compared to
the laboratory scale.
According to Lapveteläinen et al. [15], oat groat properties are well maintained during
processing, e.g., kilning, drying and flaking. The current results agree to some extent
with the previous literature, as the chemical composition of the non-heated flours was
to some extent different compared to the parallel-heated oat flours. On average, the β-
glucan and ash content of the heated oat flours were lower and the starch was higher
than in the non-heated flours, meaning that the milling process on the industrial scale
reduced the β-glucan and ash content, and increased the starch content. It is not expected
that the heat treatment applied during the kilning step of the milling process could have
caused the decrease in the β-glucan content, as heat treatment has not been shown to
cause the degradation of β-glucan [29]. It could be that in the de-hulling phase of the
industrial mill process, the sub-aleurone layer—rich in β-glucan and ash—was removed
more efficiently than in the lab-scale dehulling, and thus relatively more of the β-glucan
rich part of the grain was removed from the heated groats [30]. As stated above, the
calculated hull contents were slightly higher in the industrial scale samples. Taken together,
it is important to pay attention to the dehulling process when analyzing the oat composition
at the laboratory scale.
4.2. Properties of the Native Oat Grains in Relation to the Properties of the Heated Oat Flour
The main target of the present study was to explore the ways in which the properties
of native (unprocessed) oat grains and the properties of non-heated groats (laboratory-scale
processing) correlate with the properties of heated groats and the subsequent oat flour
(industrial-scale processing). The relationships between the un-processed oat grain and
processed oat materials have been studied previously, but mainly by comparing the grain
parameters to the oat flake parameters [15]. Currently, the use of oats in other ingredient
forms than flakes is increasing their popularity, and therefore understanding the grain
indicators for flour quality is important. In the present study, several significant interactions
between the physical properties of the native oat grains and the chemical properties of
heated oat flours were observed. Furthermore, the protein content of the native grains
determined with NIT showed a positive correlation (p < 0.01) with the protein content of
the oat flour. In addition, the protein content measured with NIT showed some correlations
with the other properties of the heated oat flours. This was also observed in the partial least
square regression projection, in which the protein content of native grains measured by
NIT was clustered with the protein, total dietary fibre, β-glucan and ash content of heated
oat flour. These observations indicate that the NIT measurement of oat grains could be
used to predict the protein content of oat flour after the milling process.
The specific physical properties of the oat grains, i.e., hectoliter and thousand seed
weight, determined in the current study are considered to be important quality parameters
for oats. Hectoliter weight is a commonly used grade determinant in the oat trade, as
it is considered to predict the oat milling quality well [11,16]. However, it has been
observed that the relationship between the milling yield and hectoliter weight is cultivar-
dependent [24,31]. The mechanically determined hectoliter weight and thousand seed
weight of the oat grains were mainly in agreement with the previous literature [15,24], and
they showed both positive correlation with the starch content and negative correlation
with the protein content of the oat flours. Furthermore, the thousand seed weight of the
oat grains showed several significant interactions with the different shares of fatty acids, as
well as negative interactions with the total dietary fibre and β-glucan content of the oat
flours. The partial least squares regression projection partly supported these observations,
as the thousand seed weight was grouped with the starch content and saturated fatty
acid content of industrially produced oat flours, and was on the opposite side of the PLS
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projection compared to the protein content. Nonetheless, the hectoliter weight of the grains
did not group clearly with any of the oat flour parameters in the PLS projection.
These findings suggest that when aiming for oat ingredients with high protein and
β-glucan contents, low hectoliter and thousand seed weights could be used as indicators.
On the other hand, high hectoliter and thousand seed weights are typically preferred to
produce maximal outputs from the cultivation inputs, and they have also been related to
improved milling quality. Favoring raw materials with lower hectoliter and thousand seed
weight values could lead to decreased feasibility and milling yield. The hectoliter weight
determined by NIT was positively connected to the mechanically determined hectoliter
weight, but did not show correlation with any of the chemical components of the oat
flours. This implies that hectoliter weight determined by NIT does not predict the chemical
properties of the oat raw material as well as the mechanical determination.
In the current study, kilning affected all of the color parameters of the oat groats, as
heat-treated groats had higher L* and b* values, and lower a* values than the non-heated
groats, meaning that the groats were darker, less red and more yellow in color after kilning.
Johnson et al. [18] observed that kilning increased the L* value of oat grains while a*
and b* were unaffected, meaning that the grains were also darker due to kilning in their
study. Therefore, the observations are similar, although in the present study the oats
were processed at the industrial scale rather than the laboratory scale, and were de-hulled
prior to kilning rather than being kilned with hulls intact. The color properties of the
native grains cannot be clearly connected to the color properties of industrially produced
oat flour as almost no correlation was observed between the color properties of these
two sample types. Only the lightness value of the native grains showed moderate positive
correlation with the lightness value of oat flour, but this interaction was not observed in
the PLS projection.
The colour values of the oat grains were found to correlate to some extent with the
chemical composition of the non-heated flours, as well as with the chemical composition of
the oat flour, as the L* and hue values were linked to the starch, protein and ash content.
Johnson, Moot and Lindley [18] noted, that there has not been any confirmed correlation
between the grain colour and chemical quality of the oats. As previously mentioned, in oat
quality grades, a dark grain colour is considered undesirable, as it is an indicator of quality
defects during the harvest. The current study suggests that there is a clear correlation
between the grain lightness (colour value L*) and certain chemical compounds of oat flours,
thus confirming grain lightness to be an important quality indicator. It has been identified
that low a* and high hue values of oat groats are related to higher industrial consumer
acceptance [18]. In the current study, the colour value a* of the oat grains almost did not
show any significant interactions with the chemical parameters of the heated oat flour,
while high hue values were connected, to some extent, to the higher protein and ash content
of non-heated and heated oat flours. The determination of the hue value of native grains
would provide a simple and robust means to predict the protein and ash content of the
oat batches.
5. Conclusions
Based on the current results, the properties of industrially produced oat flour could be
predicted using the properties measured from the native grains prior to processing. The
protein content determination of oat grains by NIT can be used to predict the chemical
properties of oat flours after industrial-scale processing. In addition, the present data
suggests that a high hectoliter weight and thousand seed weight are related to higher
starch and lower protein contents of oat grains. The lightness of the native grains was
connected to the chemical properties of the non-heated flours as well as the subsequent oat
flour produced at the industrial scale. In the future, it would be interesting to study the
relationship between the cultivar, growth conditions and the industrial milling behavior, to
investigate the relationship of these findings to specific food applications, and to develop
oat cultivars for specific food uses.
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Appendix A
Table A1. Properties of oat grains, non-heated groats and heated groats. NIT, near infra-red transmittance; dm, dry matter; HLW, hectoliter weight; TSW, thousand seed weight. The
standard deviations were maximums of 0.3, 0.4, 0.4, 1.0 and 1.0 in the NIT dm, NIT protein, NIT HLW, HLW and TSW, respectively.
Native Grain Non-Heated Groats Heated Groats
Sample NITdm NIT Protein NIT HLW HLW TSW Hulls Lab Hulls Mill TSW HLW TSW HLW
(%) (%) (kg/hL) (kg/hL) (g) (%) (%) (g) (kg/hL) (g) (kg/hL)
1 88.2 13.7 60.6 57.7 36.7 56.0 55.5 16.2 71.8 15.2 66.5
2 88.3 14.6 60.5 56.6 34.5 51.1 76.2 16.9 63.4 16.7 66.7
3 89.3 11.2 64.0 58.7 35.1 51.8 55.6 16.9 67.2 23.8 71.3
4 88.3 10.4 64.3 61.0 38.3 55.1 23.5 17.2 70.3 15.5 69.7
5 89.2 11.6 63.1 58.5 38.9 67.3 57.7 12.7 65.2 15.9 68.1
6 89.1 9.1 65.9 61.6 38.7 56.2 51.2 17.0 69.7 19.1 72.7
7 87.5 11.0 61.8 60.7 42.3 37.2 63.8 26.6 56.1 16.9 69.5
8 86.9 11.5 62.6 62.6 52.4 38.9 59.9 32.0 58.1 16.6 71.1
9 88.0 11.8 61.0 59.5 44.0 32.8 67.7 29.6 56.4 15.5 68.4
10 87.8 15.8 57.7 55.2 32.4 35.4 51.0 20.9 65.3 16.2 70.0
11 87.7 9.3 62.6 60.1 35.4 56.2 44.6 15.5 74.6 20.4 73.6
12 87.8 14.6 62.9 60.6 36.0 45.2 42.3 19.7 67.4 19.4 70.5
13 88.7 12.6 64.0 60.0 34.7 46.7 41.6 18.5 70.6 17.7 70.1
14 88.4 13.7 61.6 58.9 38.7 49.9 46.4 19.4 67.9 22.1 70.3
15 88.9 14.8 61.2 57.9 35.6 60.0 39.3 14.2 66.4 18.2 70.2
16 87.6 14.1 63.5 61.8 36.4 53.9 39.5 16.8 71.8 20.8 72.1
17 90.8 15.0 67.6 60.7 32.5 49.2 52.6 16.5 70.7 17.8 71.6
18 89.8 11.1 65.8 60.4 36.6 40.1 49.1 21.9 72.4 21.0 72.3
19 87.9 11.1 65.1 61.9 32.6 42.7 54.7 18.7 72.1 21.1 72.8
20 87.7 14.0 63.9 61.3 36.6 50.8 37.1 18.0 70.0 20.4 72.7
21 89.5 15.7 65.0 59.9 29.2 64.7 48.2 10.3 66.6 19.0 70.7
22 88.0 12.4 62.2 60.4 42.5 63.1 49.7 15.7 70.2 17.6 70.8
23 88.7 10.9 62.0 58.3 42.5 33.2 66.4 28.4 68.1 18.1 70.8
24 90.2 11.5 66.4 60.4 40.7 33.4 69.4 27.1 71.2 14.6 69.2
25 88.5 12.1 59.6 56.3 44.6 32.4 67.6 30.2 69.3 18.8 69.8
26 88.2 12.7 61.7 60.9 43.0 26.8 47.5 31.5 70.7 18.4 70.4
27 89.0 12.1 56.2 52.6 34.4 14.1 61.8 29.5 67.7 20.2 71.4
28 88.2 14.5 61.7 57.4 35.7 24.7 49.4 26.9 69.1 21.7 72.1
29 88.6 13.1 62.0 58.0 36.8 21.9 62.7 28.8 65.2 20.2 71.5
30 87.3 12.0 60.0 58.2 44.0 36.2 76.4 28.1 70.8 15.9 69.3
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Table A2. Color properties of oat grains, non-heated groats, heat-treated groats and heated oat flour. The grain color is presented as the L*, a*, b* color spacer defined by the International
Commission of Illumination (CIE). H, hue; C, chroma. The standard deviations were maximums of 2.9, 1.0, 2.0, 2.7 and 2.1 in L*, a*, b*, hue and chroma, respectively.
Native Grains Non-Heated Groats Heated Groats Heated Oat Flour
L* a* b* H C L* a* b* H C L* a* b* H C L* a* b* H C
F1 62 5.2 19.4 74.9 20.1 63.4 5.5 17.7 72.7 18.6 66.8 4.5 17.4 75.7 18 89.7 0.9 7.7 83.3 7.8
F2 64.5 4.9 19.6 76 20.2 61.3 5.5 17.1 72 18 66.9 4.3 16.7 75.6 17.2 90.3 0.9 7 82.9 7
F3 60 4.9 18.8 75.2 19.4 61.2 5.3 18.3 74 19.1 64.2 4.7 19.4 76.4 20 89.1 0.7 8.1 84.7 8.1
F4 58.3 5.2 19 74.7 19.7 63.3 4.9 17.8 74.7 18.5 68.3 3.8 17.9 78 18.3 89.5 0.7 7.6 84.8 7.6
F5 57 4 16 76 16.5 61.1 4.9 17.3 74 18 65.2 4.4 18.1 76.4 18.6 89.5 0.8 7.4 84.2 7.4
F6 58.7 5.1 18.3 74.6 19 60.7 5.1 17.7 73.9 18.5 65.4 4.6 17.6 75.3 18.2 89.5 0.8 7.8 84.1 7.8
F7 57.9 4.7 17.5 75 18.1 60.3 5 19.1 75.5 19.7 62.7 4.3 20.7 78.2 21.2 88.5 0.5 9.4 86.7 9.4
F8 58.9 5 17.9 74.3 18.6 59.1 5.4 18.3 73.6 19.1 67.2 4 18.8 78.1 19.2 89.8 0.7 7.6 85 7.6
F9 55.7 5.4 16.6 72 17.4 58.5 5.5 17.1 72.1 17.9 64.9 4.8 17.7 74.9 18.3 89 0.9 7.8 83.5 7.9
F10 64.6 4.4 19.3 77.2 19.8 61.3 5.7 17.4 71.9 18.3 64.5 5.2 17.7 73.7 18.4 90.3 0.9 7.2 82.9 7.2
F11 59.3 5.3 19.4 74.8 20.1 62.7 4.6 17.1 75 17.7 66.3 3.9 18.2 77.8 18.6 88.6 0.9 8.7 84.1 8.8
F12 58.2 3.9 16.3 76.6 16.8 61.1 4.8 16.9 74.3 17.6 62.9 4.4 18.5 76.5 19 88.5 1 7.8 83 7.8
F13 62.2 4.6 19.3 76.4 19.8 63.3 5 18.2 74.7 18.9 64.9 4.6 18.2 75.9 18.8 89.3 0.9 8.4 83.8 8.5
F14 62.2 5.7 19.9 74.1 20.7 63.8 5.3 18.2 73.8 19 64.5 4.7 19.1 76.3 19.6 89.8 0.9 8.2 84.1 8.2
F15 62.2 4.4 18.5 76.5 19 65.2 4.7 17.3 75 17.9 64.2 4.7 18.2 75.6 18.8 89 0.8 7.9 84.5 7.9
F16 59.2 4.5 18.3 76.3 18.9 61.4 4.5 16.3 74.5 16.9 63.2 5 18.6 75.1 19.2 88.9 1 8.2 83.1 8.2
F17 64.7 4.6 19.2 76.4 19.7 61.5 5.6 17.5 72.2 18.4 65.1 4.5 18.2 76.1 18.8 89.3 0.8 8.3 84.5 8.3
F18 59.5 4.7 17.8 75.2 18.4 60.1 4.9 17.4 74.3 18.1 64.1 4.2 18.8 77.5 19.2 88.6 0.9 8.8 84.4 8.9
F19 61.4 5.1 18.7 74.8 19.4 61.9 5 17.7 74.2 18.4 64 4.5 20 77.3 20.5 88.7 1 9.2 83.9 9.3
F20 59.3 5.2 19.3 75 19.9 62 4.7 17 74.3 17.6 63.2 4.6 18.8 76.2 19.4 89 1 8.2 83.4 8.3
F21 58.8 4.5 17.1 75.4 17.6 63.2 4.8 17.8 75 18.5 62.3 4.7 18.5 75.8 19.1 88 1 8.7 83.2 8.8
F22 60.1 5.1 19 75 19.7 63.7 4.6 17.8 75.5 18.4 66.1 4.1 17.4 76.8 17.9 89.4 0.8 8.1 84.5 8.1
F23 58.7 4.3 17 75.8 17.5 61.4 4.7 18.8 75.9 19.4 65.4 4.2 20.9 78.5 21.3 89.7 0.5 9 86.9 9
F24 65.4 5.2 20.5 75.9 21.2 63.7 4.8 20.1 76.5 20.6 68.4 3.2 20.9 81.2 21.1 90.2 0.4 8.9 87.1 9
F25 57.4 4 17.5 77.1 18 62.3 4.8 19.1 75.9 19.7 67.3 3.7 19.4 79.2 19.8 89.3 0.5 8.3 86.4 8.3
F26 55 5.4 16.5 71.9 17.4 59.1 5.1 17.8 73.8 18.5 65.1 4.5 19.1 76.6 19.7 89.2 0.9 8 83.8 8.1
F27 58.1 4.2 17.1 76.1 17.7 59.8 4.8 18.1 75.3 18.7 64.9 4.4 18.7 76.6 19.2 89.2 0.7 8.6 85.4 8.6
F28 59.4 4.6 18.7 76.1 19.3 58.9 5.2 17 73 17.8 61.2 4.8 18.8 75.6 19.4 88.7 0.6 8.4 85.9 8.4
F29 56.5 4.5 17.3 75.3 17.9 59.1 4.2 17.5 76.3 18 62.3 4.5 19 76.6 19.5 88.8 0.8 8.3 84.5 8.4
F30 56.9 4.1 16.4 75.9 16.9 62.9 4.4 19.6 77.4 20.1 65.2 3.9 18.5 78.1 18.9 88.9 0.5 8.7 86.4 8.7
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Table A3. Chemical composition of 30 non-heated oat flours. All of the results are on a dry matter basis (%). SAFA, MUFA and PUFA are presented as shares of total fatty acids (%).
Sample Number Dry Matter Starch Protein Lipid SAFA MUFA PUFA Ash β-Glucan
1 89.6 63.5 17.2 7.6 19.1 37.8 38.9 2.5 5.6
2 89.2 61.1 18.3 7.6 19.3 36.8 40.0 2.4 5.8
3 90.5 67.4 13.9 7.7 17.5 37.2 41.3 2.1 4.6
4 89.6 72.1 12.4 7.1 17.8 36.2 41.8 2 5
5 90.1 70.4 13.8 7.1 18.3 36.4 40.8 2.4 4.1
6 90.1 74.6 11.4 6.9 16.9 34.2 44.3 1.9 4.2
7 87.8 73.1 13.4 8.4 16.5 38.3 41.1 1.9 4.7
8 87 75.3 13 6.1 17.7 32.6 44.1 2.1 4.8
9 88 71.1 12.6 7.5 17.7 33.9 44.0 1.9 5.8
10 88.4 60.4 20.3 8.5 19.6 39.2 37.6 2.6 6.5
11 88.8 63.8 11.9 7.5 17.8 35.9 41.8 1.9 5.4
12 89.5 52.9 18.9 7.9 18.4 37.7 40.1 2.5 5.9
13 89.3 63.3 15 7 19.0 37.0 40.1 2 4.1
14 89.3 56.8 17.1 8.4 18.0 40.0 38.7 2.2 5.1
15 90 55 19.1 9.5 18.4 41.9 36.6 2.3 6.5
16 89.4 54.8 18 6.7 19.1 35.4 41.4 2.2 5.3
17 91.1 56.6 17.5 9.4 18.1 42.4 36.6 2.1 4.3
18 91 54.1 13.9 9.6 18.0 41.4 37.6 2.4 6.1
19 90.6 53.6 14.1 8.9 18.0 39.1 39.4 2.3 6.3
20 90.5 58.2 17.8 6.4 18.2 35.9 41.5 2.3 5.2
21 89.9 46.6 20.5 8.2 17.7 38.2 40.5 2.5 6.7
22 89 58.4 15.6 6.7 19.0 35.7 41.2 1.7 4.9
23 92.3 59.6 13.5 7.6 16.5 37.2 42.8 2.1 3.6
24 92.2 58.6 14.7 7.5 16.3 37.1 42.9 2.2 5.6
25 89.8 54.8 15.7 6 17.6 33.9 43.9 2.4 3.8
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Table A3. Cont.
Sample Number Dry Matter Starch Protein Lipid SAFA MUFA PUFA Ash β-Glucan
26 88.8 58.6 15.1 7.4 17.9 36.7 41.8 2 6.1
27 90.8 56.9 14.7 7.2 18.1 36.6 41.2 2.4 5.1
28 90.7 51.9 18.5 8.8 18.6 39.5 38.5 2.5 5.6
29 90.7 54 16.1 7.9 19.1 37.0 40.4 2.5 4.6
30 88.3 61.2 14.8 7.1 16.9 35.0 43.8 2.2 4
dm, dry matter content; SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. The standard deviations were maximums of 0.3, 0.1, 0.2, 0.1 and 0.3 in the
starch, SAFA, MUFA, PUFA and β-glucan, respectively. The variations of dry matter, protein, lipid and ash contents were maximums of 4.6, 1.5, 0.7 and 0.1, respectively, based on the expanded uncertainty of
analysis methods.
Table A4. Chemical composition of 30 heated oat flours. The starch, protein, fat, ash, total dietary fibre and β-glucan results are presented on a dry matter basis (%). SAFA, MUFA and
PUFA are presented as shares of the total fatty acids (%).
Sample Dry Matter Starch Protein Lipid SAFA MUFA PUFA Ash Total Dietary Fibre β-Glucan
F1 90.7 61.7 16.6 7.5 19.1 38.5 38.2 2.2 10.7 4.2
F2 90.8 59.7 18.1 7.1 19.7 37.0 39.0 2.3 11.7 4.6
F3 91 65.8 13.1 7.2 17.7 36.9 40.7 2 11.2 4.1
F4 89.2 67.7 12.4 6.6 18.3 37.0 40.0 1.9 10.3 3.8
F5 90.9 65.9 14.2 6.8 18.6 36.7 39.6 2.1 10.4 4.2
F6 90.7 71.9 10.6 6.4 17.3 34.7 42.9 1.7 8.5 3.9
F7 90.9 69.8 12.3 7.5 16.6 38.1 40.8 1.8 10.3 3.7
F8 90 70.5 12.8 5.4 17.6 33.0 43.7 1.9 11.3 4.1
F9 90.5 69 13 6.8 17.9 34.1 43.2 1.7 10.8 4.4
F10 90.7 58.4 19.2 8.2 19.4 39.9 36.9 2.1 10.6 4.4
F11 88.7 67.4 11.2 7.1 17.8 36.1 42.0 1.7 10.5 3.5
F12 88.7 61 18.2 7.4 18.2 37.8 40.1 2 11.7 3.9
F13 88.2 65.1 15.8 7.1 18.9 37.2 39.7 2 13.2 3.9
F14 89.1 60.1 17 8 18.0 39.7 38.4 1.9 13 3.9
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Table A4. Cont.
Sample Dry Matter Starch Protein Lipid SAFA MUFA PUFA Ash Total Dietary Fibre β-Glucan
F15 88.4 57.8 18.2 8.9 18.3 41.7 36.6 2 12.8 4.3
F16 88.3 61.5 17.3 6.8 19.0 35.4 41.5 2 11.3 4.6
F17 88.5 58.9 18 9.3 18.1 42.2 36.5 2 10.8 3.8
F18 88.4 63 13.5 9.4 17.9 41.4 37.4 1.9 12 4.1
F19 88.4 62.8 13.1 8.1 17.9 39.3 39.2 1.8 12.2 3.9
F20 88.5 62.4 16.7 6.5 18.1 36.0 41.3 2 11.3 3.9
F21 89 57.8 19 8.1 17.7 38.1 40.6 2.1 12.3 4.6
F22 88.7 62.8 15.7 6.2 19.0 35.7 41.2 1.6 11 4
F23 87.6 63.3 13.6 7.1 16.4 36.8 42.6 1.9 10.5 3.4
F24 87.7 63.6 14.2 6.9 16.1 36.3 43.2 1.9 11 3.2
F25 87.8 62.1 16.4 6 17.6 33.3 43.9 2 10.4 3.7
F26 87.6 62.8 15.2 7.3 17.9 35.6 42.1 1.7 11 4.1
F27 87.8 62.1 16.3 6.9 19.1 35.7 40.8 1.7 11.4 4.1
F28 87.89 60.4 16.4 7.6 18.6 39.4 38.3 2 11.9 4.2
F29 88.28 62.7 16.1 8 19.2 36.4 40.2 1.9 11 3.9
F30 87.71 63.8 14.6 6.8 16.8 34.5 43.7 1.9 9.5 2.9
dm, dry matter content; SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. The standard deviations were maximums of 1.7, 0.2, 0.4, 0.3 and 0.2 in starch, SAFA,
MUFA, PUFA and β-glucan, respectively. The variations of dry matter, protein, lipid and ash contents were maximums of 4.6, 1.4, 0.7 and 0.1, based on the expanded uncertainty of analysis methods. The
variation of the total dietary fibre content was a maximum of 0.9, and was estimated based on the duplicate dietary fibre residues obtained in the analysis.
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Table A5. Pearson correlation coefficients of 30 native oat grain and non-heated flour properties. The color values are L*, a* and b*. NIT, near-infrared transmittance; SAFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
Parameter X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 X17 X18 X19 X20 X21 X22
Grain X1 Color value L* 1.0 - 0.81 ** 0.37 * - - −0.43 * - - 0.49 ** 0.43 * - −0.39 * - - 0.40 * 0.37 * - 0.51 ** −0.54** - -
X2 Color value a* - 1.0 0.54 ** - - 0.41 * - - - - - - - - - - - - - - −0.52** -
X3 Color value b* 0.81 ** 0.54 ** 1.00 - - - - - - 0.49 ** - - - - - - - - - - - -
X4 Protein (NIT) 0.37 * - - 1.0 - - −0.44 * - - - - - - - −0.60** 1.0 ** - 0.61 ** 0.44 *
−0.60
** 0.57 ** 0.44 *
X5 Hectoliter weight (NIT) - - - - 1.0 0.78 ** - 0.43 * - - - - −0.39 * - - - - - - - - -
X6 Hectoliter weight - 0.41 * - - 0.78 ** 1.0 - 0.38 * −0.38 * - - - - - - - - - - - −0.48** -




** 0.67 ** −0.43 * −0.42 *
X8 Hulls, Lab - - - - 0.43 * 0.38 * - 1.0 −0.44 * 0.60 ** - - −0.90** - - - - - - - - -
X9 Hulls, Mill - - - - - −0.38 * 0.36 * −0.44 * 1.0 - - 0.51 ** 0.51 ** −0.38 * - - - - - - - -
Non- X10 Color value L* 0.49 ** - 0.49 ** - - - - 0.60 ** - 1.0 - - −0.58** 0.45 * - - - - - - - -
heated X11 Color value a* 0.43 * - - - - - - - - - 1.0 - - - - - - - - - - -
flours X12 Color value b* - - - - - - 0.44 * - 0.51 ** - - 1.0 0.44 * - - - - −0.68** - 0.41 * - −0.43 *
X13 Thousand seed weight −0.39 * - - - −0.39 * - 0.64 ** −0.90** 0.51 **
−0.58
** - 0.44 * 1.0 - - - - - - 0.44 * - -
X14 Hectoliter weight - - - - - - −0.38 * - −0.38 * 0.45 * - - - 1.0 −0.45 * - - - - - - -









X16 Protein 0.40 * - - 0.97 ** - - −0.51** - - - - - - -
−0.69
** 1.0 - 0.58 ** 0.46 *
−0.60
** 0.63 ** 0.47 **
X17 Lipid 0.37 * - - - - - −0.54** - - - - - - - −0.40 * - 1.0 - 0.92 **
−0.80
** - 0.49 **
X18 SAFA - - - 0.61 ** - - −0.44 * - - - - −0.68** - - - 0.58 ** - 1.0 -
−0.57
** 0.36 * -
X19 MUFA 0.51 ** - - 0.44 * - - −0.61** - - - - - - -
−0.50
** 0.46 * 0.92 ** - 10.0
−0.91
** - 0.39 *
X20 PUFA −0.54** - -
−0.60








** 1.0 −0.43 * −0.45 *
X21 Ash - −0.52** - 0.57 ** -
−0.48
** −0.43 * - - - - - - -
−0.54
** 0.63 ** - 0.36 * - −0.43 * 1.0
X22 β-glucan - - - 0.44 * - - −0.42 * - - - - −0.43 * - - −0.39 * 0.4 7 ** 0.49 ** - 0.39 * −0.45 * - 1.0
** Correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level (two-tailed).
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Table A6. Pearson correlation coefficients of 30 native oat grain and non-heated flour properties. The color values are L*, a* and b*. NIT, near-infrared transmittance; SAFA, saturated fatty
acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
Parameter X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 X17 X18 X19 X20 X21 X22
Grain X1 Color value L* 1.0 - 0.81 ** 0.37 * - - −0.43 * - - 0.49 ** 0.43 * - −0.39 * - - 0.40 * 0.37 * - 0.51 ** −0.54** - -
X2 Color value a* - 1.0 0.54 ** - - 0.41 * - - - - - - - - - - - - - - −0.52** -
X3 Color value b* 0.81 ** 0.54 ** 1.00 - - - - - - 0.49 ** - - - - - - - - - - - -
X4 Protein (NIT) 0.37 * - - 1.0 - - −0.44 * - - - - - - - −0.60** 1.0 ** - 0.61 ** 0.44 *
−0.60
** 0.57 ** 0.44 *
X5 Hectoliter weight (NIT) - - - - 1.0 0.78 ** - 0.43 * - - - - −0.39 * - - - - - - - - -
X6 Hectoliter weight - 0.41 * - - 0.78 ** 1.0 - 0.38 * −0.38 * - - - - - - - - - - - −0.48** -




** 0.67 ** −0.43 * −0.42 *
X8 Hulls, Lab - - - - 0.43 * 0.38 * - 1.0 −0.44 * 0.60 ** - - −0.90** - - - - - - - - -
X9 Hulls, Mill - - - - - −0.38 * 0.36 * −0.44 * 1.0 - - 0.51 ** 0.51 ** −0.38 * - - - - - - - -
Non- X10 Color value L* 0.49 ** - 0.49 ** - - - - 0.60 ** - 1.0 - - −0.58** 0.45 * - - - - - - - -
heat- X11 Color value a* 0.43 * - - - - - - - - - 1.0 - - - - - - - - - - -
treated X12 Color value b* - - - - - - 0.44 * - 0.51 ** - - 1.0 0.44 * - - - - −0.68** - 0.41 * - −0.43 *
groats X13 Thousand seed weight −0.39 * - - - −0.39 * - 0.64 ** −0.90** 0.51 **
−0.58
** - 0.44 * 1.0 - - - - - - 0.44 * - -
X14 Hectoliter weight - - - - - - −0.38 * - −0.38 * 0.45 * - - - 1.0 −0.45 * - - - - - - -









X16 Protein 0.40 * - - 0.97 ** - - −0.51** - - - - - - -
−0.69
** 1.0 - 0.58 ** 0.46 *
−0.60
** 0.63 ** 0.47 **
X17 Lipid 0.37 * - - - - - −0.54** - - - - - - - −0.40 * - 1.0 - 0.92 **
−0.80
** - 0.49 **
X18 SAFA - - - 0.61 ** - - −0.44 * - - - - −0.68** - - - 0.58 ** - 1.0 -
−0.57
** 0.36 * -
X19 MUFA 0.51 ** - - 0.44 * - - −0.61** - - - - - - -
−0.50
** 0.46 * 0.92 ** - 10.0
−0.91
** - 0.39 *
X20 PUFA −0.54** - -
−0.60








** 1.0 −0.43 * −0.45 *
X21 Ash - −0.52** - 0.57 ** -
−0.48
** −0.43 * - - - - - - -
−0.54
** 0.63 ** - 0.36 * - −0.43 * 1.0
X22 β-glucan - - - 0.44 * - - −0.42 * - - - - −0.43 * - - −0.39 * 0.4 7 ** 0.49 ** - 0.39 * −0.45 * - 1.0
** Correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level (two-tailed).
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Table A7. Pearson correlation coefficients of 30 native oat grain and industrially produced oat flour properties. The color values are L*, a* and b*. NIT, near-infrared transmittance; SAFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
Sample Parameter X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 X17 X18 X19 X20 X21 X22 X23 X24 X25
Grain X1 Color value L* 1.0 - 0.81 ** 0.44 * ,78 ** 0.37 * - - −0.43* - - 0.51 ** - - - -
−0.44
* 0.37 * 0.37 * - 0.55 **
−0.54
** 0.40 * - -
X2 Color value a* - 1.0 0.54 ** −0.74** ,61 ** - - 0.41 * - - - - - - - - - - - - - - - - -
X3 Color value b* 0.81 ** 0.54 ** 1.0 - 1.0 ** - - - - - - 0.44 * - - - - - - - - - - - - -




* - - - - - - -
−0.46
* 0.47 ** - - - - 0.52 ** - -
X5 Chroma 0.78 ** 0.61 ** 1.0 ** - 1.0 - - - - - - 0.44 * - - - - - - - - - - - -




** 0.96 ** 0.41 * 0.51 ** 0.44 *
−0.53
** 0.59 ** 0.49 ** 0.50 **
X7 Hectoliter weight(NIT) - - - - - - 1.0 0.78 ** - 0.43 * - - - - - - - - - - - - - -
X8 Hectoliter weight - 0.41 * - −0.40* - - 0.78 ** 1.0 - 0.38 *
−0.38




* - - - - -




* - - 1.0 - 0.36 * -
−0.56















X10 Hulls lab - - - - - - 0.43 * 0.38 * - 1.0 −0.44* - 0.41 * -
−0.45
* - - - - - - - -




** - 0.44 * - - - - - - 0.37 * - - -
Flour X12 Color value L* 0.51 ** - 0.44 * - ,44 * - - - - - - 10.0 - −0.53** -
−0.54
** - - - - - - - - -




** - - - - 0.56 ** -
−0.37
* - 0.38 * 0.60 **







X15 Hue - - - - - −0.43* - - 0.48 **
−0.45
* 0.44 * -
−0.95




** - 0.40 * - -
−0.69
**
























X18 Protein 0.37 * - - 0.47 ** - 0.96 ** - −0.41*
−0.46




** 1.0 - 0.55 ** 0.39 *
−0.49
** 0.59 ** 0.48 ** 0.42 *
X19 Lipid 0.37 * - - - - 0.41 * - - −0.63** - - - - - - -
−0.56
** - 1.0 - 0.91 **
−0.79
** - 0.41 * -
X20 SAFA - - - - - 0.51 ** - −0.38*
−0.44








* 0.55 ** - 1.0 -
−0.55
** 0.36 * - 0.67 **
X21 MUFA 0.55 ** - - - - 0.44 * - - −0.64** - - - - - - -
−0.57
** 0.39 * 0.91 ** - 1.0
−0.91
** - 0.48 ** -
X22 PUFA −0.54** - - - -
−0.53
** - - 0.67 ** - 0.37 * -
−0.37





















** 0.59 ** - 0.36 * -
−0.43
* 1.0 - 0.36 *
X24 Total dietary fibre - - - - - 0.49 ** - - −0.38* - - - 0.38 * - - -
−0.53
** 0.48 ** 0.41 * - 0.48 **
−0.48
** - 1.0 0.39 *






** - 0.42 * - 0.67 ** -
−0.46
* 0.36 * .39 * 1.0
** Correlation is significant at the 0.01 level (two-tailed). * Correlation is significant at the 0.05 level (two-tailed). - Correlation is not significant.
Foods 2021, 10, 1552 20 of 21
References
1. FAOSTAT. Crops Visualize Data Oats 2020. Available online: http://www.fao.org/faostat/en/#data/QC/visualize (accessed on
8 October 2020).
2. (Luke) NRIF. Cereals Used by Industry by Use, Crop Year and Species. Stat Database 2020. Available online: http://statdb.luke.fi/
PXWeb/sq/fa8c7235-67ff-47b3-b295-1635eb8842f8 (accessed on 23 March 2021).
3. Welch, R. Nutrient composition and nutritional quality of oats and comparisons with other cereals. In Oats: Chemistry Technology,
2nd ed.; Webster, F., Wood, P., Eds.; AACC International Press: St Paul, MN, USA, 2011; pp. 95–107.
4. Grundy, M.M.-L.; Fardet, A.; Tosh, S.M.; Rich, G.T.; Wilde, P.J. Processing of oat: The impact on oat’s cholesterol lowering effect.
Food Funct. 2018, 9, 1328–1343. [CrossRef] [PubMed]
5. Saastamoinen, M.; Kumpulainen, J.; Nummela, S. Genetic and Environmental Variation in Oil Content and Fatty Acid Composition
of Oats. Cereal Chem. 1989, 66, 296–300.
6. Andersson, A.A.M.; Börjesdotter, D. Effects of environment and variety on content and molecular weight of β-glucan in oats. J
Cereal Sci. 2011, 54, 122–128. [CrossRef]
7. Lehtinen, P.; Kaukovirta-Norja, A. Oat Lipids, Enzymes and Quality. In Oats: Chemistry Technology, 2nd ed.; Webster, F.H., Wood,
P.J., Eds.; AACC International Press: St Paul, MN, USA, 2011; pp. 143–156.
8. Mut, Z.; Akay, H.; Köse, E.D.Ö. Grain yield, quality traits and grain yield stability of local oat cultivars. J. Soil Sci. Plant Nutr.
2018, 18, 269–281.
9. Van den Broeck, H.; Londono, D.; Timmer, R.; Smulders, M.; Gilissen, L.; Van der Meer, I. Profiling of nutritional and health-related
compounds in oat varieties. Foods 2015, 5, 2. [CrossRef] [PubMed]
10. Webster, F.H. Oat utilization: Past, Present and Future. In Oats Chemistry. Technology, 2nd ed.; Webster, F.H., Wood, P.J., Eds.;
AACC International Press: St Paul, MN, USA, 2011; pp. 347–361.
11. Girardet, N.; Webster, F.H. Oat milling: Spesifications, Storage, and Processing. In Oats Chemistry. Technology, 2nd ed.; Webster,
F.H., Wood, P.J., Eds.; AACC International Press: St Paul, MN, USA, 2011; pp. 301–319.
12. Bellato, S.; Del Frate, V.; Redaelli, R.; Sgrulletta, D.; Bucci, R.; Magrì, A.D.; Marini, F. Use of near infrared reflectance and
transmittance coupled to robust calibration for the evaluation of nutritional value in naked oats. J. Agric. Food Chem. 2011, 59,
4349–4360. [CrossRef] [PubMed]
13. Wrigley, C.W.; Batey, I.L. Assessing grain quality. In Breadmaking Improving Quality, 2nd ed.; Cauvain, S.P., Ed.; Woodhead
Publishing: Swaston, UK, 2012; pp. 149–187.
14. Laaksonen, O.; Ma, X.; Pasanen, E.; Zhou, P.; Yang, B.; Linderborg, K.M. Sensory characteristics contributing to pleasantness of
oat product concepts by finnish and Chinese consumers. Foods 2020, 9, 1234. [CrossRef] [PubMed]
15. Lapveteläinen, A.; Alho-Lehto, P.; Sinn, L.; Laukkanen, T.; Lindman, T.; Kallio, H.; Kaitaranta, J.; Katajisto, J. Relationships of
selected physical, chemical, and sensory parameters in oat grain, rolled oats, and cooked oatmeal—A three-year study with eight
cultivars. Cereal Chem. 2001, 78, 322–329. [CrossRef]
16. Ganssmann, W.; Vorwerck, K. Oat Milling, Processing and Storage. In The Oat Crop; Springer: Dordrecht, The Netherlands, 1995;
pp. 369–408.
17. Arendt, E.; Zannini, E. Cereal Grains Food Beverage Ind, 1st ed.; Woodhead Publishing: Shaxton, UK, 2013; pp. 243–274.
18. Johnson, N.J.; Moot, D.J.; Lindley, T.N. Oat groat colour—A quality factor. In Proceedings of the 27th Agronomy Society,
Canterbury, New Zealand, August 1997; Volume 27, pp. 79–82.
19. De Angelis, D.; Kaleda, A.; Pasqualone, A.; Vaikma, H.; Tamm, M.; Tammik, M.-L.; Squeo, G.; Summo, C. Physicochemical and
Sensorial Evaluation of Meat Analogues Produced from Dry-Fractionated Pea and Oat Proteins. Foods 2020, 9, 1754. [CrossRef]
[PubMed]
20. Salo, M.-L.; Salmi, M. Determination of starch by the amyloglucosidase method. Agric. Food Sci. 1968, 40, 38–45. [CrossRef]
21. Multari, S.; Pihlava, J.M.; Ollennu-Chuasam, P.; Hietaniemi, V.; Yang, B.; Suomela, J.P. Identification and Quantification of
Avenanthramides and Free and Bound Phenolic Acids in Eight Cultivars of Husked Oat (Avena sativa L) from Finland. J. Agric.
Food Chem. 2018, 66, 2900–2908. [CrossRef] [PubMed]
22. Christie, W. Lipid Analysis: Isolation, Separation, Identification and Structural Analysis of Lipids, 3rd ed.; The Oily Press: Bridgewater,
UK, 2003.
23. Linderborg, K.M.; Kulkarni, A.; Zhao, A.; Zhang, J.; Kallio, H.; Magnusson, J.D.; Haraldsson, G.G.; Zhang, Y.; Yang, B.
Bioavailability of docosahexaenoic acid 22:6(n-3) from enantiopure triacylglycerols and their regioisomeric counterpart in rats.
Food Chem. 2019, 283, 381–389. [CrossRef] [PubMed]
24. Peltonen-Sainio, P.; Kontturi, M.; Rajala, A. Impact dehulling oat grain to improve quality of on-farm produced feed I. Hullability
and associated changes in nutritive value and energy content. Agric. Food Sci. 2004, 13, 29–38. [CrossRef]
25. Saastamoinen, M.; Hietaniemi, V.; Pihlava, J.M.; Eurola, M.; Kontturi, M.; Tuuri, H. β-Glucan contents of groats of different oat
cultivars in official variety, in organic cultivation, and in nitrogen ferilization trials in Finland. Agric. Food Sci. 2004, 13, 68–79.
[CrossRef]
26. Peterson, D.M.; Senturia, J.; Youngs, V.L.; Schrader, L.E. Elemental composition of oat groats. J. Agric. Food Chem. 1975, 23, 9–13.
[CrossRef]
Foods 2021, 10, 1552 21 of 21
27. Doehlert, D.C.; Moore, W.R. Composition of oat bran and flour prepared by three different mechanisms of dry milling. Cereal
Chem. 1997, 74, 403–406. [CrossRef]
28. Shewry, P.R.; Piironen, V.; Lampi, A.-M.; Nyström, L.; Rakszegi, M.; Fras, A.; Boros, D.; Gebruers, K.; Courtin, C.M.; Delcour, J.A.
Phytochemical and Dietary Fiber Components in Oat Varieties in the HEALTHGRAIN Diversity Screen. J. Agric. Food Chem. 2008,
56, 9777–9784. [CrossRef] [PubMed]
29. Wang, X.; Storsley, J.; Thandapilly, S.J.; Ames, N. Effects of processing, cultivar, and environment on the physicochemical
properties of oat β-glucan. Cereal Chem. 2016, 93, 402–408. [CrossRef]
30. Sibakov, J.; Myllymäki, O.; Holopainen, U.; Kaukovirta-Norja, A.; Hietaniemi, V.; Pihlava, J.M.; Lehtinen, P.E.K.K.A.; Poutanen,
K.A.I.S.A. Minireview: β-Glucan extraction methods from oats. Agro. Food Ind. Hi. Tech. 2012, 23, 10–12.
31. Doehlert, D.C.; McMullen, M.S.; Baumann, R.R. Factors affecting groat percentage in oat. Crop Sci. 1999, 39, 1858–1865. [CrossRef]
